Objective: To design and demonstrate a customized tool to generate histologic sections of the prostate that directly correlate with needle-based optical coherence tomography pullback measurements. Materials and Methods: A customized tool was created to hold the prostatectomy specimens during optical coherence tomography measurements and formalin fixation. Using the tool, the prostate could be sliced into slices of 4 mm thickness through the optical coherence tomography measurement trajectory. In this way, whole-mount pathology slides were produced in exactly the same location as the optical coherence tomography measurements were performed. Full 3-dimensional optical coherence tomography pullbacks were fused with the histopathology slides using the 3-dimensional imaging software AMIRA, and images were compared. Results: A radical prostatectomy was performed in a patient (age: 68 years, prostate-specific antigen: 6.0 ng/mL) with Gleason score 3 þ 4 ¼ 7 in 2/5 biopsy cores on the left side (15%) and Gleason score 3 þ 4 ¼ 7 in 1/5 biopsy cores on the right side (5%). Histopathology after radical prostatectomy showed an anterior located pT2cNx adenocarcinoma (Gleason score 3 þ 4 ¼ 7). Histopathological prostate slides were produced using the customized tool for optical coherence tomography measurements, fixation, and slicing of the prostate specimens. These slides correlated exactly with the optical coherence tomography images. Various structures, for example, Gleason 3 þ 4 prostate cancer, stroma, healthy glands, and cystic atrophy with septae, could be identified both on optical coherence tomography and on the histopathological prostate slides. Conclusion: We successfully designed and applied a customized tool to process radical prostatectomy specimens to improve the coregistration of whole mount histology sections to fresh tissue optical coherence tomography pullback measurements. This technique will be crucial in validating the results of optical coherence tomography imaging studies with histology and can easily be applied in other solid tissues as well, for example, lung, kidney, breast, and liver. This will help improve the efficacy of optical coherence tomography in cancer detection and staging in solid organs.
Introduction
Prostate cancer is the second most common cancer in men (after skin cancer) and the second most common cause of cancer-related death (after lung cancer). In 2014, it was estimated that 233 000 new cases developed, and approximately 29 480 deaths occurred in the United States. 1 During the past 2 decades, a steady increase in the detection of prostate cancer has occurred largely due to the increased use of prostatespecific antigen (PSA) screening. This has led to an increased use of systematic transrectal ultrasound (US)-guided biopsy in which the prostate is sampled in a standardized stereotypical fashion, regardless of the tumor location, which results in a high rate of false-negative findings. 2 Advanced imaging modalities have the potential to address this issue by allowing more accurate tumor localization, which would in turn enable imageguided targeted biopsies 3, 4 and facilitate optimal treatment planning. These advanced imaging modalities will prove especially useful with the emergence of novel and potentially less morbid targeted therapies. 5 Optical coherence tomography (OCT) produces highresolution images of tissue. The principle of this optical technology is analogous to B-mode ultrasonography, except that light is being used instead of sound. Huang et al described the first application of OCT (in the retina and the coronary artery) in 1991. 6 The contrast in the OCT images is based on differences in the back-scattering properties of the tissue, which are projected by gray-scale levels. With resolutions of 5 to 10 mm and a imaging depth of around 2 mm, depending on the light source used, 7, 8 images comparable to histopathology can be created. In the prostate, OCT has been used for a variety of purposes. During laparoscopic radical prostatectomy, OCT has proven to be successful in identifying the neurovascular bundles, which could enhance surgical precision during nervesparing surgery. 9 Furthermore, Doppler OCT, a technology to assess blood flow in microvasculature, was proven to be effective in the rat prostate for real-time microvascular monitoring during photodynamic therapy for prostate cancer. 10 Optical coherence tomography was also used for the assessment of surgical margins of the specimens after robotic radical prostatectomy. Sensitivity, specificity, positive predictive value, and negative predictive value were 70%, 84%, 33%, and 96%, respectively.
11 D'Amico et al also showed differentiation of different structures in the prostate on OCT. 12 Recent technological developments have led to needlebased OCT imaging of tissue. 13 Thin fiber optic helical scanning OCT probes are built into needles, which allow the introduction of the OCT probe into solid tissue such as the prostate.
14 The resulting images can be analyzed on visible qualitative tissue structures 15 or more quantitatively on light scattering parameters 16 and/or measured size of visible structures, 17 which can be compared to histopathology of tissue. 18 The detection of prostate cancer with OCT would enable a digital biopsy of the prostate with instant results, resulting in the possibility of cancer diagnosis and treatment in the same session. In the prostate, OCT was successfully used in rats by Rais-Bahrami et al 19 and Aron et al 9 during laparoscopic radical prostatectomy to identify the cavernous nerves. Yet, oneto-one correlation of OCT images with gold-standard histopathology images is essential for validation of the technology and requires very precise colocalization. 18 The correlation between imaging modalities and histopathology is challenging. Several studies reported on a similar challenge in validation of multiparametric magnetic resonance imaging (MRI) for prostate cancer. [20] [21] [22] Especially in studies evaluating OCT images, one-to-one histology correlation is extra important because of the high resolution at micrometer level. This proof-of-concept study demonstrates the feasibility and use of a customized device to generate histological sections of the prostate that directly correlate with OCT pullback measurements on a millimeter level. Exemplary coregistration results between OCT and histopathology of the prostate are given.
Materials and Methods
The OCT system used in the study is the commercially available C7-XR intravascular imaging system interfaced to a C7 Dragonfly intravascular imaging probe (St Jude Medical, St Paul, Minnesota). The system is originally designed for intravascular (IV) OCT and operates a probe with a diameter of only 0.9 mm, which fits through a small 17-G needle. It is therefore possible to perform OCT measurements in solid tissue as the prostate. The C7-XR Intravascular Imaging System takes 5.4 seconds to acquire a 3-dimensional (3D)-OCT helical motorized pullback image of 540 B-scans over a trajectory of 54 mm (length) with a pullback speed of 10 mm/s ( Figure 1 ). The radius or imaging depth is limited by scattering to approximately 2 mm.
Directly after radical prostatectomy, a silicon tube was passed through the urethra for orientation purposes. Base (left) and apex (right) as well as ventral and dorsal side were identified. The prostate was measured, weighed, and inked ventral right side (red), ventral left side (yellow), dorsal right side (green), and dorsal left side (blue). After inking, the fresh prostate was anchored in a grid-based customized tool with 4 anchoring needles in the center of the grid (Figure 2 ). Six IV catheters (Intranule, 105 Â 1.3 Â 1.7 mm, 16 G; Vygon, Ecouen, France) were introduced from the left side to the right side of the prostate. The grid-based customized mold was used to ensure a parallel IV catheter position (Figure 2 ). The inner needles were removed from the IV catheters, and the OCT imaging probe was introduced into the IV catheter while flushing with water (to prevent the formation of air bubbles). The IV catheters were transparent, therefore, the OCT pullback measurements could be performed while the IV catheters were still in place. After the OCT measurements were finished, long needles were placed through the measurement trajectories in order to keep the IV catheters parallel while the prostate was fixed in formalin.
Subsequently, the prostate was fixed in formalin for 48 hours. After fixation, the prostate was sliced of exactly 4 mm thickness using our in-house-developed customized tool for pathology validation. One of the sides from our grid-based measurement and fixation tool was detached, and the grid was fitted in a guided cutting tool. Small rails ensured that the knife was positioned exactly in front of the IV catheters (measurement trajectories). Knife guiders that fold around the knife were introduced through the other side of the grid and inserted in the IV catheters to guide the knife exactly through the measurement trajectories (Figure 3 ). Slices that did not contain measurement trajectories were cut without guidance. After slicing, a high-resolution overview picture was made according to protocol (Figure 4) . From the slices with measurement trajectories, whole-mount histology slides were made in order to see the entire measurement trajectory (Figure 4) .
The histopathology slides were evaluated by a single urogenital pathologist with 10 years of experience (L.R.) who was blinded to the OCT measurements. Alongside the measurement trajectories, the structures were described and correlated with the OCT measurements.
Using the imaging software AMIRA (version 5.5; FEI Visualization Sciences Group, Mérignac Cédex, France), we Figure 3 . Customized cutting tool for the exact correlation with histopathology. A, First, one of the sides was removed from the grid, and the grid was placed in the customized cutting tool. The inner needles were removed from the first 2 intravenous (IV) catheters. Underneath the grid, there are rails that position the measurement trajectories in front of the knife (◊). From the other side, knife guiders were introduced in the grid () that fold around the knife and enter the IV catheter. They were locked in their position by turning the locking bar (*). The prostate is indicated by P . Ventral right side (red), ventral left side (yellow), dorsal right side (green), dorsal left side (blue). B, The prostate was sliced by pushing the whole grid toward the locking bar, forcing the knife to slice through the measurement trajectories. C, After slicing, it was clearly visible that the measurement trajectories are exactly sliced through the center. The forceps hold one side of the IV catheter, which is sliced exactly in 2 halves. determined which part of the OCT measurement trajectories passed through the prostate. Subsequently, we fused the OCT data with the histopathology in a 3D computer environment. In this way, we were able to exactly correlate the OCT B-scan with the location on histopathology.
Results
A radical prostatectomy was performed in a patient (age: 68 years, PSA: 6.0 ng/mL) with Gleason score 3 þ 4 ¼ 7 in 2/5 biopsy cores on the left side (15%) and 3 þ 4 ¼ 7 in 1/5 biopsy cores on the right side (5%). Histopathology after radical prostatectomy showed an anterior located pT2cNx adenocarcinoma Gleason 3 þ 4 ¼ 7.
Using 3D imaging software AMIRA, the 3D-OCT measurement volumes were fused with the histopathology slice ( Figure 5 ). Subsequently, we defined the number of B-scans that went through prostate tissue and divided that through the number of millimeters trajectory on histopathology. In this way, we could calculate the number of B-scans per millimeter and exactly locate the measurement site with an accuracy of 0.1 mm. We could identify various structures in the histopathology, which we also observed in the OCT measurements, which confirmed an accurate matching. Some examples are depicted in Figure 6 . Alongside the measurement trajectory, the following structures were recognizable: (1) prostate cancer Gleason 3 þ 4. In the OCT image, no structural information could be obtained (homogeneous aspect of tissue). However, it was clear that the light did not penetrate as far into the tissue as in other measurement locations (higher attenuation of light). The increased scattering is presumably due to the high nuclear density in that area, combined with the lowered amount of cytoplasm in these cells (lower nucleus-cytoplasm ratio), as observed in histopathology. (2) Some cystic atrophy with septae was seen alongside the OCT measurement trajectory. On the OCT B-scans, structures are clearly recognizable ( Figure   Figure 4 . Histopathology matching. A, The prostate was stained and imaged when it was still fresh. B, After fixation in formalin, the prostate was sliced using the customized cutting tool. Slices with the trajectories in them were used for whole-mount slides, in this prostate, those were slice 2 (trajectories on the back) and slice 5. C, Enlargement of slice 5. The measurement trajectories can be clearly seen. D, Microscopy slide of slice 5. The measurement trajectories can be clearly followed.
6B, arrows), and light penetration is relatively deep (low attenuation). (3) Stroma was visible in the OCT B-scan as a homogeneous scattering medium in which light penetrates relatively deep (low attenuation). This is presumably because of the low nuclear density in the stroma, which could also be seen on histopathology. (4) Healthy glands were also located alongside the OCT imaging trajectory. In the OCT B-scans, the glands were recognizable ( Figure 6D , arrows) and the light penetrates more deeply into the tissue (lower attenuation). (5) Cystic atrophy with large cysts was clearly seen on the OCT B-scans. They perfectly align with the shape of the cysts seen in the same area on histopathology ( Figure 6E, arrows) .
As can be seen in Figure 6 , the structures seen on OCT correlate well with the structures on histopathology. The imaging trajectories on OCT measured 41.5 and 39.5 mm, whereas they measured 39.5 and 41.0 mm, respectively, in the wholemount histopathology slides.
Discussion
Matching of data obtained from a high-resolution imaging techniques as OCT to histopathology is prone to fail because of slight misalignments and misorientations between the images. In order to improve the coregistration of wholemount histology sections to fresh tissue OCT pullback measurements, we successfully designed and applied a customized tool to process radical prostatectomy specimens. A major limitation of conventional needle biopsies is that the tissue is only visualized in 2 dimensions, whereas important structures for determining cancer and invasiveness of the disease are more clearly seen in 3 dimensions. What is true in radiology is expected in pathology: 3D imaging will give an immense increase in the information content, which is expected to increase sensitivity and specificity of early cancer diagnostic technologies. 23 Standard pathology protocols, however, are insufficiently accurate for the validation of a micrometer resolution needle-based technology as OCT.
For the validation of other novel diagnostic modalities, oneto-one histopathology matching is essential but presents itself with a challenge. Turkbey et al designed a custom-made 3D printed mold for the validation of multiparametric MRI for prostate cancer diagnosis. These molds, based on the 3D MRI images, allowed cutting the specimens in exactly the same plane as the MRI scans. 22, 24, 25 This method can be used for deeply penetrating imaging technologies (as MRI and US) but are less suitable for superficial (less deeply penetrating) imaging technologies as OCT. Hariri et al designed a method to compare OCT images with histopathology in the ex vivo setting to validate OCT in bronchial tissue. 26 The method worked in the ex vivo setting by cutting the bronchi open and placing ink markers on the tissue where in between the OCT measurements were performed. A similar technique had been used in cardiology 27,28 for the visualization of high-risk plaques. Wagstaff et al used an approach where they acquired a core biopsy of in vivo renal tissue over the same trajectory as a biopsy was harvested, 29 an approach that is challenged by the high percentage of nondiagnostic specimens that occurs in renal biopsy protocols. 30 The customized tool for OCT measurements and histopathology matching does have some limitations we have to address. There is a small difference in the length of trajectory between the OCT measurements and the histopathology slide, which can be explained by the formalin fixation-related shrinkage of the prostate. A study by Jonmarker et al described an average linear shrinkage of 4.5%, corresponding to a volume correction factor of 1.15. 31 Another study found a linear shrinkage of 4.3% and a net volumetric shrinkage of 12.4%, resulting in a correction factor for tissue shrinkage of 1.14. 32 In our sample, we found a linear shrinkage of 4.8% and 5.3%. Moreover, in large prostates, when fixed in formalin for 48 hours, the differences in fixation can be present between the outer and inner parts of the tissue block, which may cause nonuniform shrinkage and therefore minor (<1 mm) mismatch in images and histopathology.
The axial rotation of the imaging probe in the tissue is estimated based on the location of the urethra (if visible) and steepness of the borders of the prostate. Although this method is reasonably accurate, an inaccuracy of approximately 10 in probe rotation may exist. In future studies, a marker can ensure axial probe rotation in tissue before measurements.
One of the main advantages of OCT over conventional diagnostic technologies, next to the fact that the technology provides instant real-time diagnosis, is that it is objective, by quantitative analysis of the data. Current methods of histopathology are time consuming and sensitive to subjectivity of the pathologist. By performing quantitative analysis of OCT data, we expect to avoid these diagnostic boundaries as there are in conventional pathology, as delay in diagnosis and subjectivity. We believe that OCT is not a technology to find a lesion but rather to get local information about the tissue. Therefore, we propose to integrate OCT in other technologies as MRI or contrast-enhanced US. When OCT has been validated as a reliable artificial biopsy. Diagnosis and treatment of Figure 6 . Five B-scans from the fused histopathology slide. A, Area of Gleason 4 prostate cancer. In the optical coherence tomography (OCT) B-scan, this is seen as a homogenous tissue with low penetration depth. In the histopathology slides, nuclear density is seen. B, Cystic atrophy with septae. The cysts are clearly seen on the OCT images (arrows), the septae can be seen on both OCT images and histopathology (#). C, Stroma. In the OCT B-scan, this is seen as a homogenous area with high penetration depth. D, Healthy glands. The glands can be seen on the OCT B-scans as a heterogeneous area (indicated by the arrows). E, Cystic atrophy without septae. The arrows indicate some of the cysts. It is well seen that the cysts have the same shape as the areas on histopathology. NB: The letters of the B-scans correspond to the letters in Figure 5 .
prostate cancer can be performed on the same day, in a minimally invasive manner.
To our knowledge, we are the first to describe a one-to-one method for full specimen histopathology matching with needle-based OCT in solid tissue. By demonstrating examples of B-scans and identifying structures on OCT that could also be seen on histopathology, we showed that matching is nearly perfect. Besides prostates, the technology can also be applied in other solid tissues, for example, lung, kidney, breast, and liver. The technology presented is an important step in order to validate a high-resolution imaging technique as OCT. When OCT has proven to be valid in the ex vivo setting, the next step will be to validate the technology in vivo.
Conclusion
We successfully designed and applied a customized tool to process radical prostatectomy specimens to improve the coregistration of whole-mount histology sections to fresh tissue OCT pullback measurements. This technique is crucial in validating the results of OCT imaging studies with histology and can easily be applied in other solid tissues as well, for example, lung, kidney, breast, and liver. This method will help improve the efficacy of OCT in cancer detection and staging in solid organs. Future work will focus on a technique to validate OCT in the prostate using this method in a larger group of patients.
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